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SUMMARY

"Reserve" strength properties are characteristic of many soft
clays which are normally consolidated from a geological point
of view. The phenotncnon has been assumed to result from creen
processes in the course of secondary consolidation.
If the strengthening processes associated with creep are
responsib]e for the "reserve" strength, they should result in
a successive shift of the energy barriers to interparticie slip
to higher values and this was investigated in the present study.

Samples of natural,undisturbed as well as artificially
produced clays were consolidated under a pressure correspond-
ing to the double consolidation pressure and were then left
to rest under a reduced pressure and drained conditions.
After various periods of rest, the samples were sheared under
undrained conditions and it was observed that the strain at
failure decreased and that the shear modulus increased wit h
the time lapsed. This can be explained in terms of a shift
of the energy spectrum to higher barrier values, thz most
pro .aole physical equivalent being an improved number and
strength of re-formed particle bonds, primarily of the clay/
water-complex type.

[.
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CONSOLIDATED IN THE LABORATORY

INTRODUCTION

It is of great practical significance that organic-poor
nptural clay, which is normally consolidated from a geolo-
gical point of view, often exhibits "reserve" strengtn
properties, while a samolt- if the same clay consoli6Diei
under an increased pressure in the laboratory (does not have
this property (Fig. I). According to BERRE & BJERRUM, 1973,
the r&serve strength, which is also manifested by brittle

0.6
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0-0 2 4 6 8 1,0 12 14 16
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Fig. 1. "Reserve" strength of sample consolidated under
in-situ stress conditions (po and KoPo, curves A)
in comparison with sample consolidated under in-
creased pressure (2.5 p0 and 2.5 Kopo, curves B).
(After BERRE & BJERRUM)°
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behavior similar to that of cemented clays, is caused by a
creep of the clay particles into stable positions in the
course of the secondary consolidation in n&ture. The observed
effect is akin to the streng~her, ino microstructural processes
which yield retn.iation of the creep in shear at low and
moderate deviator ct-ebses. Creep theory will therefore be
used as a basis of this study.

THE MINERAL/WATFR/ELECTROLYTE SYSTEM

The physical state of the 'ore water

Erergy is released in the course of the adsorption of the
first 1-3 layers of water moolecules onto su.faces of dry clay
particle. This is partly due to the hydration of exchangeable
cations but also of the surfdces of minerals. The exchangeable
ions seem, to hydrate without appreciable dissociation (LOW &
MARGHFIM, 1979), and it is therefore reasonable to believe
that the first few layers of molecules are firmly bound to
clay minerals.

Substantial evidence h'as in fact accumulated pointing to a
very strong fixation uf the first molecule layers and this
affects interoarticle and intralamellar spacings. The
writer's current study of the swelling pressure of Na bento-
nites shows that max.imiuin net repulsion and non-reversibility
do not appear even at an average intralamellar distance of
about 10 A, such as has also been suggested as the approximate
decayj length for a presumably "steric" stabilizing water
structure on mica surfaces (DERJAGUIN & CHURAEV, 1974)
ISRALLACHVILI & ADANIS, 1978). Recent studies of proton re-
laxa-cion of water adsorbed on silica glass surfaces (ALM-AGOR
& BELFORT, 1978) and experimcntal determination of the amount
of nonfrozen water in frozen illitic clays (PUSCH, 1979)
support the viewr that one or a few water molecule layers are
firmly adsorbed on most silica mineral surfaces.

The degree of structural order of such "vicinal" water does
not necessarily, have to be high, as DROST-HANSEN (1969) has
pointed out. His water model consists of three zones with
different structural and electrical properties (Fig. 2). Zone
A comprises densely spaced, "fixed" water molecules. The
intermediate B-zone, is characterized by a very low degree
of ordering and by low viscosity; zone C ccnsists of normally
structured, "free" water.
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Fig. 2. Schematic picture of DROST-HANSEN's water model
combined wiLh electrical double-layers.

Studies of the nuclear relaxation prcperties of water in
illitic clays have disclo.-ea short spin-spin coherence
times which, in fact, suggests a high proton mobility and
thus scme degree of structural order (PUSCH, 1970). The
results of the silica glass gut-'ace study by ALMAGOR &
BELFORT show that this order occurs in the vicinaL water.

Particle interfaces

There are several indications that the interparticle dis-
tances are comparatively small in natural illitic bediments;
consolidation, resulting from the overburden in naiture,
implies such a close approach of load-transferrinq particlcs.
Thus, the energy required to e'xpell the last few layers of
water when parallell clay plates are pressed tocjethcr should
be considerable. In fact, the pressure required to remove
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one monomolecular layer may be as much as 4105 kPa (4000 atm)
according to van OLPHEN, 1967. Although grain press1res may
become very high it is unlikely that parallell. plites get
forced together to form mineral/mineral contacts at shallow;
and moderate depths-in nature. Instead, with such associatiens,
the interparticle distance will be adjusted so as to comply
with an equilibrium between interparticle attraction from the
hydration energy at small intrparticle distance or by elec-
trical double-layers aL largor distances, on the other hand.
At effective stresses lower than 100 kPa the average equili-
brium interparticle distance between well oriented clay plates
in illite clay is at least 50-75 A.

A close approach between particles, which may even result in
mineral/mineral contacts, is most readily establ ished with
particles arranged edge--te-ede and, possibly, edge-to-face,
for edges are the least hydrophilic sites and also because
grain pressures may than be exceptionally high. All three
modes of particle association are theoreticaily possible
because of the large variety of bLinding mechanicms. Studies of
the microfabric (PUSCH, 1970) have shown th-it the domiinant
association types within particle aggregates are in fact edge-
to-face and edge-to-edge arrangments (Fig. 3). The spatially
varying grain pressure and attraction/repulsion forces balance,
as well as the variation of the orientation of adjacent par-
ticles, imply a spectrum of interparticlo distances (Fig. 4)
and therefore also of the strength and local strains of
particle bonds.

'L

a b C

Fig. 3. Transmission electron micrographs showing edge
couplings are seen in all the micrographs (PUSCH,
1970). The central part of c) shows an edge-to-face
contact as well.
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Fig. 4. Schematic contact types in clays
a) Mineral/mineral edge-to-face contact
b) Water interface edge-to-face contact
c) Close face-to-face arrangement
d) Expanded face-to-face arrangement
e) Edge-to-edge contact
f) Mineral/water lattices in montmorillonite
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Clay n_-cJ:ostructure

in recent years it has become generally accepted that ntural,
soft, i.'.l9tic clays consist of more or less randcnly arranged
grouos of particlc-s-rather thn of single mineral. as prcposed
in early uoncepts of clay fabric (Figs. 5 and 6). There is
extensive evidence that face-to--face grouped particles
-"domains"- are formed by local overstrt2ssinq as illustrated
in Figs. 7 and 8, while the major feature of uni.sturbed,
soft, illitic clay usually is that of dense ag.4reqatus
(crumbs), either sutpporti-g each other or being coniected by

links or bridges of small particles (EONILES et al. 1969, PUSCH,
1970, BENNET et al. 1977). Such local overstressin9 results
from shearing as well as from consolidation. The process of
domain formation is fundamental in the evolution of the creep
and in shear failure (PUSCH, 1980).

Paitticle displacemient requires that interatomic o:. intermole-
cular forces be overcome. Domains are probably forned by
simultaneous rupture of several bonds, and macroscopic shc:ni
failuire must involve rupture or slipping of all bonds alcnq
the shear plane. Creep at low or intprmediate stresses, on
the other hand, may result largely from displaccne:nts due to
iDdividual atomic "Jumps" or multi-bond slip.

I

I

Fig. 5. Aggregation of illitic clay. The picture shows elec-
tron microcraph of a cJ.ay/water gel. The gel. was
isolat.d from the vacuum of the high voltaqe micro-
scope by a closed cell (PUSCH, 1970).
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I I
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Fig. 6. Typical pattern of linked aggregates in illitic
clay. 14jcrographs of ultra-thin sections of acr.ate-
treated specimens.

Simultaneous ruptuire of patches of Ii-bonds is likely in agied
vicinal water, as it is probably ordered. 'The dear-e.: c
is assumed to rise with time following mecbanical disturia'C:,
as is indicated by Lhe time-dependent changes of the (urotcn)
spin-spin coherence time (JACOBSSON & PUSCH, 1972).

The atomic or mohr-cular bond strength in mineral/mincral
contactc may well be of the order of that of r'rimarv valence
bonds, i.e. ap1rcxrmazelv 1-2 eV. The displ cCment f
contact of this tye is likely to involve simultaneous runture
of a number of such bonds and it therefore represents strong
prticle counling. A]ditionally, one has the hydrogen bondina
of the firmly held water collar surrounding the mineral
contact. H-bonds are of the order of 0.1-1.0 eV and, as in
aged contacts, a Ciisplaceoment probably involves simultaneous
rupture of several bonds, the vicinal water can be assumed
to contribute to the interparticle adhesion.

Where particles are scparated by water at the points of
contact, the strength is lower. Aged contacts with a one-
water-molecule "lattice" interlayer ray s:ill be fairly
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LINKS

AGGREGATE

DOM AIN

Fig. 7. Formation of domains 'b) by local overstressing
of initially undisturbed network (a).

strong, but with three or more interlayers there is a large
drop ir strength. In freshly formed contacts of the face-
to-face type, i.e. in young domains, individual shear "jumps"
formed by rupture and reformation of H-bonds are ex:pected
to occur with a relatively low activation energy. If DROST-
HANSEN's model is valid, slip will take place easily if the
interparticle distance exceeds about 25 A.

Where cementation has taken place, the coupling between
adjacent particles ip, of course, very.strong. There are
reasons to believe, however, that also in virtually non-
cemented clays the solubility of minerals pressed together
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Fig. 8. Left picture: Domain-rich heavily overconsolidated

Silurian clay. Right picture: Domain formation in
very soft. Quaternary clay.

or simply exposed to the pore fluid may lead to local super-
saturation,and thus to deposition of Si02 on non-stressed
crystal faces. The solubility is low at low grain pressures,
but it rises rapidly at higher pressures. Thus, when the grain
pressure is increased from 1 MPa (10 atm) to 100 MPa the
solubility increases by a factor of more than 104. Such re-
inforcement of edge-to-edge and edge-to-face contacts may
contribute somewhat to the particle coupling, and could be
important in clay sediments at fairly large depths.
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CREEP EVOLUTION

Phencmenologv

The preferred types of association observed in major struc-
tural arits in natural, soft, illitic clays, i.e. the aggre-
gates and linking particle groups, point to close and strong
contacts. When local overstressinq occurs, a fractien of the
atomic bonds are broken and solve contacts are interrupted.
This facilitates particle displacements leading to the
formation of face-to-face-grouped particles, i.e. to domains.
The interparticle distances are adjusted to attain eauilibria
of force, which results in larger average distances than in
the former intra-aggregate contacts. A certain net gain in
strength may arise from the successive formation of inter-
connecting layers of adsorbed water; however, aged doi-ains
reriain the weakest structural members in the clay. it is
therefore reasonable to assume that, under the action of an
external stress, further incvement in the clay network takes
place mainly in these units, and in the course of f-riation
of additional domains. These units will therefore be con-
stdered here as main sources of slip in the evolution of
creep: their deformation and displacements appear to result
from the breaking and reforming of hydrogen bonds.

The relative weakness of the domains facilitates a rapid
"initial" deformation on applying an external load. Several
mechanisms combine, however, to reduce this high strain rate
progressively. Firstiy, deformation of the domains will
induce local displacements such that stronger units will
make contact and help to strengthen the structure. Secondly,
the displacements may lead to the formation of new domains
from bridging links which have become overstressed. If tile
stress levol is sufficiently high, such structural damage
will accumulate, and bulk failure will eventually take place.
Bel.ow a critical stress level, two healing processes take
place which oppose the weakening and retard the strain rate.
They are connected with the strain-induced interaction of
adjacent aggregates and involve micro-dilatancy and mechani-
cal interlocking, as well as reformation of water "lattices"
and establishment of new, interlinking particle groups.
These processes take2 place when the relative movement of
close aggregates has ceased, either because of interlocking
or because they are temporarily not subjected to strain-
inducing local stresses. The net effect of these "thixo-
tropic" processes is probably dependent on the average strain
rate. An indication of the correlated strenqthening and
weakening can be obtained from the sequences shown in
Fig. 9.

FS
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Stress/strain model

ehysical form

In formulating a realistic description of a general
physical stress/s-rrin nmodei, it is cf importance to
consider the heteroqe eity in str ess and structure on
the micro-scale, because it re:;ults in a distribution
of heights of the eneirgy barri,rs to slip. The enerqy
speclr',un will vary in the course of strain in shear and
consolidation. Some barrier miy beccme enhanced due,
for e.-amnle, to a decrease in local stress fields.
Others, latent at first, may be rendered "operative"
through the converse process. An appropriate model
must therefore take into accouilt not only the existence
of a distribution of ei~crgy barriers, but also its
change with tirne in the course of the evolutionary
processes.

Specifically, the follow!ing features are included in
the model:

1. The clay is egarded as a heterogeneous system,
comprisinq dense, strong, structural elements
(aggregates and silt. particles) conncected by links
of various .... ngth, i.e. potential slip units
(domains) with a dispersion of resistance to
deformation.

2. The application of a shear stress, or an oedon ,eter
load step, produces a certain number of slip units.
Their mo'ements and the displacements and defor-ma-
tions of secondarily iormed slip units make the
main contribution to the overall observed strain.
The slip, which has the character. of activated
atomic or molecular- ju-mps, can be visualized as
resulting in the form of shiftings of individual
atoms or molecules as well as of patches of such
units. The shiftings are considered as thermally
assisted passages over energy barriers driven by
the extelnal stress.

3. The slip process leads to an interaction between
bigger and stronger structural elements which
results in local stress relaxation and in an in-
crease in the heights of the energy barriers for
subsequent activated jumps. It is thus a "hardening"
process.
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4. New links and particle bonds formed in course o"
the strain will. also tend to strengthen the structure.

5. Regional redistribution of stresses faciiit0ted by
slip produces local stress concentrations. It w±]l
assist slip decreasing the heights of some energy
barriers, and is thus a "softening" process.

6. In drained creen tes.ts, of which the oedometer test
may serve as an erampl.e, Lhe successive approach of
neighbouring aggregates or larger particles of
course contributes to the chifi of the energy ba-rier
spectrum to higher valuas.

The general features c f a stochastic mode). which
corresponds reasonabi,; well to the physical protetxype
are:

1. There is a spectrum of barrier heights for blip in
the material (Fig. 10). Tie shape of the distribution
curve reflects the microstructu,:al heterogene2_ty and
types of dominant bonds at different times after a
stress change.

2. Each element of clay contains a certain rnumber,

n(u,t), of slip units in any given ir.terval of the
activation energy range.

3. In the course of slow strain the low energy barriers
are triggered early, while hiqer ones are activated
later. Also, new slip units are formed a- t:'e lower
end of the energy spectrum.

4. The model allows both for slip which, when it takes
place, takes a givei slip unit up against a barrier
by an amount either 6u higher than the provious one,
or lower by the same amount.

Fig. C6. Activation energy
spectr-um at a
given time t after
the onset of creep.

U1 U2 u
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Mathematical form

The derivation of a matheaatical model for a particular
case, which is also of interest in this context, bas
been ouLlined previously (PUSCH and FELTHAM, 1980), s(.;
only the basic steps are biiefly recapitulated here.

At any given temperature only a limite6 energy spec-
rum ul < u <u 2 will be of significance in the determi-
nation of strain and strain rate. The number of pcten..-
tial slip units per unit voTume hcld up at barriers of
height u, is then n(u,t) 6u per enercsy, unit, where t is
time after the onset of creep, and . u one of the energy
intervals into which we consider the spectrum between
uI and u2.

A basic assumption is that the attempt frequency of
slip v(u) is given by the Arrhenius rate equationt

V(u) = VD exp(-u/kT), u, <uu 2  (",C

where u is the barrier height. Herev_ i an atomic
vibrational frequency of th order of U1012 per second.
k is Boltzmann's constant and T the absolute tempera-
ture.

If slip has been activated at a certain roint in the
material, i.e. a barrier has been overcome, a contri- ,
bution to the overall shear is -iade by the asscciated
extension of the local slip-patch aitd tne nexL barrier
to be encountered by the same spreading slip-zone will
be either higher or lower by an axverage amount .u. The
magnitude of 5u is determined by the amplitude of the
internal stress field, and by the physicai nature o.
the barriers.

It is reasonable to allow for an equal probability of
slip following an activated jump of a patch, to occur
so that the next barrier encountered by the patch is
either higher or lower than the previous one, and con-
siderations analogous to those familiar from the deri-
vation of equations of diffusion then yield, on
writing n for n (u,t) for the continuity equation of
the process:
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Tn/3t = D D2[n exp(-u/kT) ]/-u2 (2)

D 1 D

For low termperatures an appjropriaLe solution of Eq. 2 is:

n(u,t) c p exp(-p) (3)

with p = exp(u/kT)/vD(t+to)

where t is a "structure-sensitive" conistant of
integration

If the passage of a slip patch through the oJement of dimen-
sions L (Fig. 11) displac2s the part above the slip plane over
the plane below by an amount b, then the resuiting shear is
b/L. If a slip unit does not traverse the whole element but
advances only a certain distance on activation under the
influence of the local stress field, then the shear strain
will be:

(b) _(* (4)

L L2

where A* is the area swept over by the patch in jumping
to the next barrier.

If slip has been activated at a certain point, the contribu-
tion to the overall shear is given by Eq. 4, so if there are
n 6u points per unit volume and unit of energy, where the
barrier height is u, then in a cube of side L, the contribu-
tion 6y due to slip of all u-units is:

[*
6Y, = [n(ut)L 3J (b) L-A 6u (5)

L
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Fig. 11. Soil element with internal displace-ment produced
by a slip. T is the shear stress.

Ifteattempt frequency at all such points is VDeu '/kT*e

se~ondl, then the contribution by the u-interval to tne
strain rate is:

'vD bAn(u,t) exp (-u./kT)6u (6)

If each activated jump ma~kes the samne, average, contribution
to the bulk shear strain of the specimen, then the creep
rate in shear will be:

= bA* 2-uk
J-A f eU/ n(u,t)du (7)

U 1,
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The model is thus seen to be compatible with the processes
illustrated in Fig. 9, i.e. the lower end of the ener,y
spectrum may relat mainly to the defoumation of the domains,
while hi-gher barriers will be associated with more riaid
components of the structure and, largely, control the creep
rate at later stages of the process.

On using Eq. 3 in Eq. 7 one has (FELTHAM, 1973):

occ (t+t o)- (8)

.which is in fact a ccmonly observed relationship, t usually
being very small (cf. Fig. 12). 0

An illustration of the successive shift of the zpect-rum to
higher barriers in the course of the creep is givun by Fig. 13.
It shows the result of a preliminary computer calculation
using the simplified assumptions of n(u) = constant for t Z- 0,
and allowing for no inflow of new slip units from beyond the
lo, u-end of the spectrum.

An approximate estimate of the magnitude of the activation
energies involved can be obtained by considering Eq. 1. A
reasonable value of the jump rates (u) to lead to observable
creep would be of the order of Is- I which yields u- 0.6 eV
(PUSCH & FELTHAM, 1980) . Such an activation energy indeed
suggests that water is largely involved in creep at crd-;nary
temperatures and that the hardening mechanisms at ieast oartly
comprise water lattice re-formation.
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101 ,

0-

:: 101

161 2 __ ______

103  l04  10 5  10 6

t~s

-6

10 1 -

102  103  104  i0 5

Fig. 1 2. Cr-eep rate ver:sus Lime after the onset of the creep.
Upper picture: Theoretical relationship showed by the
broken curve; the -expression on the vertical axis

being equivalent to t. The straight line repr:esents
Eq. (8) with t .0 Lower picture: Two representative

creep curves (undrained conditions) of Swedish i'lli-
tic clays.
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10
3 

- - . --

10 3 Fig. 13. Total number of
.Llip unit- held up

I~ ~.t arriers in

I j each speci-rum in-
,I terr!a] at diffe-

102 rert timus after
' thc onset of creep.

/ / I) 103 s, 2) 102

.13) 5.10 4s, 4) l0.s,
- 5) 2 -105s. (0.1-C 3 0.6 eV) . Initial

4// total ri(u,t) taken

10, , _ _ as 1.000.

5'10%1Q6eVjlop
1 2 3 4 5 8 7 6 9 10

Ui

EXPERIMENTAL

Object

The strengthening resulting from a net shift of the energy
barrier spectrum to higher values, is naturailv manifested
by an increased stiffness. if it is produced by the healing
processes, which lead to a retarded strain rate in the course
of undrained creep, it should also be observed as a succesi-
vely increased shear modulus. The same healinq takes place
in structurally disturbed clay which is left to rest under

undrained conditions, and it should therefore be observed as
an increase of the tangent modulus of any clay which is first

- . iL . . . : .. . ... .i I : :A-
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s-tructui ally bro'ken down to yield a hijh frequency of sl1-ip
ur i. ts , aaid t hen a ~dto >stunder drained coed iti ens
a n- prac t Ia Ly ,.n 't olcefrvarious ioarijcla, "J L im e
ioforc sirnq. i rA:ison for the expec Led tirl- Cefrect
would L ~cSUC:, '' c~k rt-q ;- p1ng o-f- cima 11 art-i c les , whi-1 1ch

bece mna ft , to !"'\ tee- .Lr,1cturzl bradwand thie re-
establ-1ih:-,.wnt of ;:A 1 r

Tne struc'turail p (fril roduced by isortrojpic
consolidaition n tn I 'stlic- eri-ire s~iiple, 'hc
shear inq may roe t. I eof; es true tura 1 ci hic
Only. The pr i 00o o -t ( Lke e under ce i au
c c)nd1'-i ion r and v:j i £ t!( i £. orin thijs woul &,
yield stec hni C wi cr- i osdrh re,3uctien
in volume. Nor can I,(. ],I ct- to, rest under uivdra1-* nedC
conditicons since ten Wir) w Q,- I jd Troi a-ncsielwri
cf the pore pressin a and theef t,- ain ces ofc iuctss
It was therefore dcddt,, 1 et thk- c; serple ,est a;- a lairgely
reduced pressure2 under) dra-'j!Co, nd(ies net incre.ase or
the tangent moduluJs .wouldl then reflect the :eghnr
produced by particle regrouping and water lattice re-lermarion,.
It was ait icin-ited tha,-t 1cc-c swll injr; eight eventua l1% le--d
to a rcducedcont 0lit of he structaral network anOd thc's Fo.
a decreased strcngth and tang.,-ent nlodu:LU.--. The nialtae
of rest would pro-bably not be very much affectedl by swe 1lica,
howe-ver, arid this wios also confirmed by the -;tudv.

Test _2roqr-im

A few samo] es of each of three fino-gra-i ned soils, e
flrt2ficial and twvo natural clays, were isotrop~icalJ y cacisoli -
dated3 in triaxial cells. The cell pressure, corrcspordinq to
twice the preconso] idation rir-ess-ire or more, was appli-ed in
one increment and the vehrmi:- decrease asmezAsurec! so as t,
assure that thc tiwmc of compre:.;sion covered a sufficicnt part
of Lho primary consol idiation to achi-ve large structural V
disturbances,. The( cell. preszsure wa.- redcuced to a small frac-
tion of its original value and the samples were then al.lowed
to rest for vario-us periods of time under drained conditions.
The re-sultinq swelling was dietermined b,- measuringj the wate(-r
uptake by means3 of -uets onr'n ii~~cal act ivit.-
the cells were ke1 t in a cold chamber at 70 C throughout th-.e
stori ng.

The essential para:metcr, the tangent jirclulus, was determined
by sheari ng the samples undcr undrained conditioni; a.t -'constant axial strain rate ot- 0.6 t per hour. zhe stress/
strain data were rocorded lby a data loq s .,ste.a and curves
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clpictina th,- deviaLtor stress as a function of the axial
strain weeplottcd to provide qraphical detor.:iinct ion of
the tangent i-,ocuius. Transduceris were used to record tie
pore pres,-;urc.

Cia'! materials

The artificia clii day was preparo d from a natural clay joposit
in Hleby, 100 km NW aK! Stock lolIm. "It has a minus 2 "'M conten1t
of ap0.o i: al4O its liclui H and pl astic liimits are
approxi.,nilcly 40 a nclL?.,rd;atvl Air-dry . clay pn,.weeCr
wcos adn-ed to 35 o/on NcLiCl sollution to y'id ;A thick sluriry
which was (cc ;olidoc.' uncier c, constant o ro-ssuro of 130 I-Pa
for several w.ee,-s in ordjinary 50 mm rt p ing tucs ofc !ast.i
(Wir. 14, Th~is relut- v017l long Pe2r-,ei ofl rest asi cho scn Lo

Fig. 14. Box w,,ith pla-'tic
tubes containhing

*Ithe, artific..L'
I slurry. P-2asti-:

* plugs -W-th filtor
stones- and steel

-16 nrr to iv
the rog uiredr1~- -. pressure ext-onc
from the tubes.

b Notice the dlial
gauges for O!DCrv-
incj the coimresE-
ion. - 'T1-. d.evice,
was designedb
B~.5EGFSSON, Div.
of Soil Mechanics,
University ofI Lule~i)
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allow tor complete pore pressure dissipation of the 120 rm
loig sediment cores and for the development of some natural
microstructural features, such as the formation of links of
small particles betw.een aggregates and larger grains.

Such a structural. pattern is typical of the two natural slays,
the one from SkA-Edeby being repre: entative of very fine-
graiied, late-glacial sediments deposited in fresh or b:acKish
water, ard the clay from Lilla EJet being a typ ical marine
sediment from the Gbta river valley.

The main mineralogical data of the minus 10 ,in fractions of
the three clays are given in Table 1. Geotechnical da a are
collected in Table 2.

Table 1. Dominant minerals of the minus 10 -m frect.ons.

Clay I Chl K Q F H C S

Artificial ++ + + + (+) + (+) +
Skg-Edeby +++ + + + + - + (+ -
Lilla Edet +.+ (+) + ++ + + - -

I = Illite K = Kaolinite F = Feldspars
Chl = Chlorite Q = Quartz H = Heavy n-inerals
C = Calcite S = Smectite

+++ Dominant + Moderately ibundant - Abse, t
++ Abundant (+) Slight amount

Table 2. Geotechnical data

1)~ 2) 3 )

Clay p w Wp wL ,tfu t Ic 90 Precons. presure

-o % % kPa % % kPa

Arti-
ficial 1.86-1.90 34.8-36.3 19 40 - - 40 1 100

Ska-
Edeby 1.48 96-108 29 98 8.5 13 77 0.5 35

Lilla
Edet 1.59 69-75 27 46 15 155 76 1 75

1)Swed]ish cone penetration test 2) Clay content 35 Or:ganic content
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Performance and results

Artiticial clay

Four artificially produced clay samples were isotropically
consolidated in tiaxial cells under a pressure of 200 kPa
(Fig. 15). The consolidation was found to require 1 week
before the pore pressure had dissipated. All the samples
were then left to rest under drained conditions and an
isotrcpic, total pressure of 25 Pa, which produced swelling
and water uptake. The swelling, which amounted to 2.5% at
maximum, continued throughout the period of rest. The time

of rest was 1, 10, 30, and 120 days, respectively, and the
samples were then sheared.

The shearing yielded stress/strain curves of the type shown
In Fig. 16. In all the tests the pore water pressure in-
creased to approximately 5 kPa at 1% axial strain and then
dropped to zero at approximately 5% axial strain.

The strain at maximum deviator stress was clearly related
to the time of rest, ind.icating a rest-induced stJffening.
Also,the tangent modulus E = 3(1-G3)/9c1, where cI denotes
axial strain, increased with the time of rest as shown by
Table 3, the values referring to the shear stress
T= 1/2 (a a.,) = 15 kPa.

Thblc 3. Tangent modulus of the az:tificial clay as a

function of the time of rest

Time of rest, Tax E,

days kPa MPa

1 46.5 6.7
10 45.5 7.0
30 44.6 8.9
120 42.8 9.5

p
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0I

o ]

o 4 -- -- I

0

I- 1

2 3456

t,s

Fig. 15. Volumetric copression versus time of the
artificial clay for i 200 kPa.
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50 O

401--

30__

2T 20 .C---

k Pa

10

00 2 4 6 8 10 12 14

Fig. 16. Typical stress/strain plots of the artificial
clay.
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The slight reduction of the shear strenqth with the tilne of
rest is related to the watt.r uptake anti associated swellinq,
which affects the continuity of :_he microstructural network.
The water uptake is illustrz Led by Table 4 which zho,.,s the
waLer eontenLs of the shearf-d samples.

Table 4. Water cont:,.,t of sheared artif [.i a- sa:.,Iles. ThC;e
were divided int, 6 9 oarts to check the unifo.nPitV
of the water distr;ibtion.

Time w, % w
of rest, %average

days Wl w2 "4 5 6 "7 ' w9

1 28.05 27.77 28.34 28.47 28.31 28.17 27.18 27.99 - 28.1

10 28.78 28.64 28.98 29.14 29.14 29.16 28.93 28.72 29.03 29.0

30 28.49 29.21 29.19 29.40 29.39 28.86 - . 29.1

120 28.95 29.04 29,33 29.37 29.40 29.09 28.94 29.38 - 29.2

The very slight variation of the water conten' of each sheared
sample illustrates the high degree of uniformity obtained by
the applied preparation technique.

Sk§-EdebYclay

Four samples from 5 m depth at Ska-Edeby were consolidated
for 10 days under a pressure of 100 kPa, the volumetric
compression being approxima'-ely 25%. The samples were then
left to rest under drained conditions and an isotropic, total
pressure of 25 kPa, which produced swelling and water uptake.
The time of rest was 1, 10, 30 and 100 days respectively, and
the samples were then sheared.

A typical set of stress/strain curves is shown in Fig. 17.
In these tests the pore water pressure increased to approxi-
mately 12 kPa at 3% axial strain and dropped successively at
larger strain. It approached 2 kPa at an axial compression of
12%.
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As in the case of the artificial clay, tne tangent modulus
increased with the time of rest au shown by Table 5, the
values referring to the shear stress T=- 1/2(0 1 -3)= 8 kPa.
Similarly, the shear strength was found to dreo successively.

Table 5. Tangent modulus of Sk5-Edeby clay as a function

of the J-me of rest

Time of rest, T axE

days kPia MPa

1 31 .7 3.7
10 30.4 4.3
30 28.5 4.6

100 2;.5 4.2

The Ska-Edeby test results indeed illustrate the difficulty
of usinj natural soils in systematic testing of soil proper-
ties. Thus, the sample which had rested for 100 days, cer-
tainly represents a discrepancy. While the artificial clay
samples were sufficiently equal to permit a direct cowr"arison
of their tanrent moduli, this is not the case for the Sh<-Fdebv
samples as illustrated by Table 6, which shows the water
content of the sheared samples.

Table 6. Water content of sheared Sk5-Edeby samples. These
were divided into 5-.8 parts to check the uniformity;
of the water distribution.

Time w, % w
of rest, average
days w1  w2  w3  w4  w5  w6  w7  w8  %

1 66.4 62.2 66.6 73.8 61.1 - - - 66.R

10 62.3 62.2 61.2 65.0 62.0 - - - 63.0

30 - - - - - - - 66.2
100 66.6 69.4 71.6 71.3 73.1 73.1 75.1 72.6 71.6

ja
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50 . ... . I

40

30 -___-- i
c3-c20

0 L... ... _ _--_ ___-___-__

0 2 4 6 8 10 12 14

F .%

Fig. 17. Typical stress/strain plots of the Ska-Edeby clay.
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A safe intcrpretation should involve the samples which had
rested for I d:ty and 30 days, respectively, since they had
practically the same water contcnt If thse two ... )] es ar
compared, we observe the sanme tencdency as indicateo h Table
3. As concerns the sample which rested for 100 days it is
concluded that the relatively high water content cyplains
the unex-,pectedly low tangent modulus.

Lilla Edet clav

Three sainples from approximatey 10 m depth at I illa Edet
were consolidated for I day under a pressure of 150 kPa, the
volumetric compression being 15-20%. The sample. --ere thEn
left to rest under drained conditions ano an isotroa .j, , total
pressure of 20 kPa, which produced swelling and w&A:cr u-ote.
The swelling amounted to 3-3.5%.

The time of rest was 1, 4, and 34 days., respectively, and thle
samples were then sheared.

The strcss/sttain curves showed a marked shape change ..hen
the time of rest increased. It is illustrated by Fig. 18,
which also confirms that the most obvious tangent modulus
growth is observed for low deviator stresses.

12. . ___7I-

0- - .,---"= 0. T._ax

20.= m0.6 T max

10 s0 100 500 1000

t, hours
Fig. 18. The tangent modulus as a function of the time of

rest for the Lilia Edc't soil. 1) '=0.02 Tmax, 2)
T=0.04 Tmax, 3) T=0-06 Tniax, 4) -r=0.08 Tmax.

A
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The time- dcpendence of the tangent modulus shows the same
trend as t hat of Table 3 but again, we have to ccnsidr-r the
octudl differences with refeicrncc to the water content.
(cf. Table 7) to be able to draw safe conclusions. The v% ry
simiiar water- contcnts o' th samples which had rested for
4 and 34 days, resiuective ly., justify the conclusion that the
tangent modulus increases considerably with the time of rest.
The relatively low water content of the sample which >id rest-
ed for one day only, should suggest a rather high tangenr-:
modulus, but the fact that the.actual value was the lowestrecorded, indicates that the time of rest largely determines
the growth of this modulus.

Table 7. Water con.tent of natural (wn ) and consolidated
(W samples.

Time of rest, w w

days

1 68'.7 56.4
4 7/.8 63.6

34 74.0 62,4

DISCUSSION AND CONCLUSIONS

It follows from all the tests that stiffening is pr-oduced in
clays which rest urnder practically constant 1rolume conditions
after structural disturbance. This means that the eneray sip ec-
trurn shifts to higher barrier values and, thus, that Lsuccessive
strengthening of the clay/water network takes place. 7t is a
matter of thixotropic strength regain which Js produced in any
clay sediment or laboratory sample which is allowed to rest
aftar structural disturbance.

The stiffening must be related to a successive change of the
number, type or properties of the particle bonds and it secins
reasonable to assume that the microstructural rearrangement
suggested in Fig. 9. is responsible for the strengthening.

If we consider the conditions in nature, where secondary con-
solidation is associated with a reduction in volume in con-
trast with the laboratory test conditions, there is a net in-
crease in peak shear strength as well. The origin of the re-
serve strength and brittle bch 'vior observed by BERRE &
BJERRUM is then readily expla.nrd by the micrustrucLural pro-
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cesses outlined here. Overcorsolidation would logically be
very common in clay sediments althucgl it ma' be too weak in
fresh depcsits to be easily dchermned.
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